This study investigated the protective effects of diallyl disulfide (DADS) against cyclophosphamide (CP)-induced testicular toxicity in male rats. DADS was gavaged to rats once daily for 3 days at 100 mg/kg/day. One hour after the final DADS treatment, the rats were given a single intraperitoneal dose of 150 mg/kg CP. All rats were killed and necropsied on day 56 after CP treatment. Parameters of testicular toxicity included reproductive organ weight, testicular sperm head count, epididymal sperm motility and morphology, epididymal index, and histopathologic examinations. The CP treatment caused a decrease in body weight, testicular sperm head count, epididymal sperm motility, and epididymal index. The histopathological examination revealed various morphological alterations, characterized by degeneration of spermatogonia/spermatocytes, vacuolization, and decreased number of spermatids/spermatocytes in the testis, and cell debris and mild oligospermia in the ductus epididymis. In contrast, DADS pretreatment effectively attenuated the testicular toxicity caused by CP, including decreased sperm head count, epididymal sperm motility, and epididymal index and increased histopathological alterations in the testis and epididymis. These results indicate that DADS attenuates testicular toxicity induced by CP in rats.
Drugs used for cancer chemotherapy are often limited by severe acute toxic and undesirable side effects in multiple organ systems [1] . Thus, strategies to minimize the side effects of chemotherapeutic agents while preserving their chemotherapeutic efficacy are needed. Cyclophosphamide (CP) is a cytotoxic bifunctional alkylating agent that belongs to the nitrogen mustard class. It is extensively used as an antineoplastic agent for treating various cancers and as an immunosuppressive agent for organ transplantation [2] [3] [4] . However, despite its wide spectrum of clinical uses, CP causes several adverse effects including testicular toxicity in human and experimental animals [5] [6] [7] .
Although the precise mechanism of CP-induced testicular toxicity is still not clearly understood, oxidative stress and the generation of toxic reactive oxygen species (ROS) have been implicated in the pathophysiology of CP toxicity [8] [9] [10] . It has been reported that oxidative DNA damage is caused by a hydroperoxide derivative of CP through generation of H 2 O 2 [11] . Kothari et al. (2010) reported that ROS play a critical role in the pathogenesis of reproductive disorders, particularly in the pathological mechanism of male infertility [12] . Excess generation of ROS stimulates DNA fragmentation and a loss of sperm function associated with peroxidative damage to the mitochondria and plasma membrane [13] . However, antioxidant agents such as S-allylcysteine [9] , melatonin [14] , and DL-alpha-lipoic acid [15] have protective actions against CP-induced toxicity. Thus, the combination of drug delivery together with a potent # These authors contributed equally to this work. *Corresponding author: Jong-Choon Kim, College of Veterinary Medicine, Chonnam National University, Gwangju 500-757, Korea Tel: +82-62-530-2827; Fax: +82-62-530-2809; E-mail: toxkim@jnu.ac.kr antioxidant agent may be an appropriate approach to reduce CP side effects.
Garlic (Allium sativum L.) contains more than 20 organosulfur compounds and has been considered a dietary anticancer component. Among these compounds, diallyl disulfide (DADS) is a major component of the secondary metabolites derived from garlic and has been well documented as a potent compound to prevent cancer, urotoxicity, genotoxicity, nephrotoxicity, and hepatotoxicity [16] [17] [18] [19] [20] . Previous studies have shown that DADS is not only effective at modulating phase I enzymes and phase II enzymes [20] [21] [22] but also has potent antioxidant capacity [19, 23] . Despite the favorable pharmacological properties of DADS, its protective capacity against testicular toxicity caused by CP has not been explored previously. Therefore, the present study was conducted to examine whether pretreatment with DADS prevents CP-induced testicular toxicity in rats.
Materials and Methods

Animals and environmental conditions
Male Sprague-Dawley rats aged 12 weeks were obtained from a specific pathogen-free colony at Samtako Co. (Osan, Korea) and used after 1 week of quarantine and acclimation. Two rats per stainless wire mesh cage were housed in a room maintained at a temperature of 23±3 o C and a relative humidity of 50±10% with artificial lighting from 08:00 to 20:00 and with 13 to 18 air changes per hour. Rats were provided tap water that had been sterilized by ultraviolet irradiation and commercial rodent chow (Samyang Feed, Wonju, Korea) ad libitum. The Institutional Animal Care and Use Committee of Chonnam National University approved the protocols for the animals study, and the animals were cared for in accordance with the Guidelines for Animal Experiments of Chonnam National University.
Test chemicals and treatment
CP was purchased from Sigma Aldrich Co. (St. Louis, MO, USA). DADS was purchased from Tokyo Kasei Chemical Co. (Tokyo, Japan). All other chemicals were of the highest grade commercially available. CP and DADS were dissolved in sterilized saline and corn oil, respectively, and were prepared immediately before treatment. The daily application volumes of CP (2 mL/ kg body weight) and DADS (5 mL/kg body weight) were calculated based on the most recently recorded body weight of the individual animal. DADS was gavaged to rats once daily for 3 days at 100 mg/kg/day. One hour after the final DADS treatment, the rats were given a single intraperitoneal dose of CP (150 mg/kg). All animals were sacrificed 56 days after CP administration.
Experimental groups and dose selection
Twenty-four healthy male rats were randomly assigned to four experimental groups as follows: (1) vehicle control, (2) CP, (3) CP&DADS, and (4) DADS (n=6 per group). The CP dose was selected according to previous studies demonstrating significant damage in multi-organ systems of rats [24] [25] [26] . The effective DADS dose was based on earlier studies [17, 27] .
Clinical observation and body weights
All rats were observed at least once daily for mortality and signs of reaction to the treatment. Body weights were measured weekly.
Necropsy and organ weights
At the scheduled termination day (test day 56), all rats were killed by exposure to carbon dioxide and necropsied. The absolute weights of the prostates, seminal vesicles, testes, and epididymides were measured, and their weights relative to body weight were calculated.
Sperm examination
A sperm analysis was conducted as described previously [28] . The left testis was homogenized and sonicated with 12 mL distilled water to calculate the sperm head count. The sperm suspension was loaded into a hemacytometer (Neubauer, Seligenstadt, Germany) and the number of homogenization-resistant sperm heads was counted under a light microscope (Leica, Wetzlar, Germany). For motility measurements, the sperm was obtained from the left cauda epididymis, placed in Hanks' balanced salt solution (pH 7.2) containing 5 mg/mL bovine serum albumin (Sigma) and maintained at 37 o C. Motility was observed using a microscope with a stage warmer. Sperm were considered motile if they showed any movement at all. Smears of sperm suspensions were stained with 1% Eosin Y and allowed to air dry on a glass slide. Two hundred spermatozoa (intact sperm) per animal were evaluated for head and tail defects by light microscopy and were classified into the following categories: normal, small head, amorphous head, two heads/tails, straight hook, excessive hook, folded tail, short tail, and no tail.
Histopathological examination
The right testis and epididymis were taken and fixed in Bouin's solution. The tissues were routinely processed, embedded in paraffin, sectioned at 4-µm thickness, deparaffinized, and rehydrated using standard techniques. The sections were stained with hematoxylin-eosin stain for microscopic examination. All sections were examined with a light microscope by a pathologist blinded to the sample treatments.
The amount of sperm in the ductus epididymis was also semiquantitatively evaluated using a numerical scale where 3=normal, 2=slightly reduced (but >30% normal content), 1=markedly reduced (<30% of normal content), and 0=absent. This scale is referred to as the epididymal index.
Statistical analyses
Results are expressed as mean±SD, and all statistical comparisons were made by means of one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test. Differences with a P-value ≤0.05 were considered significant.
Results
Clinical findings
Treatment-related clinical signs such as emaciation, decreased locomotor activity, anorexia, hematuria, polyuria, soft stool, alopecia, and diarrhea were observed in the CP group (data not shown). However, these signs diminished gradually during the experiment. Although treatment-related clinical signs were also found in the CP&DADS group, the rats in this group showed a tendency to decrease in the incidence and severity of the clinical signs. No clinical signs were observed in the control and DADS groups.
Body weight changes and organ weights Figure 1 shows the effects of DADS on CP-induced changes in the mean body weight. Mean body weight on days 7 to 42 in the CP group was significantly lower than that in the control group. Mean body weight in the CP&DADS group also decreased significantly on days 7 to 21 when compared with that in the control group. Although no significant differences were observed between the groups, mean body weight on days 14 to termination in the CP&DADS group was slightly heavier than that in the CP group. Mean body weight in the DADS group was not difference when compared with that in the control group. As shown in Table 1 , no significant differences were observed in the reproductive organ weights between the groups.
Sperm examination findings
The results of the sperm examinations are summarized in Table 2 . Testicular sperm head count and epididymal sperm motility in the CP group decreased significantly in comparison with those in the control group. In contrast, sperm motility in the CP&DADS group was significantly higher than that in the CP group. Although sperm head count in the CP&DADS group also decreased significantly in comparison with that in the control group, the DADS treatment resulted in a significant increase in sperm head count when compared with that in the CP group. Testicular sperm head count and epididymal sperm motility in the DADS group were no significantly difference when compared with those in the control group. No significant differences were observed in the morphological abnormalities of the sperm in any of the groups.
When the epididymis was evaluated for sperm content, epididymal index in the CP group decreased significantly in comparison with that in the control Figure 1 . Changes in mean body weights of male rats treated with effects of DADS on CP-induced changes in the mean body weights. Statistical analysis was performed using one-way ANOVA followed by the Tukey's multiple comparison test. Data are expressed as means±SD. *P<0.05 compared with the control group. **P<0.01 compared with the control group.
group. Although no significant differences were observed between the groups, the epididymal index in the CP&DADS group increased slightly compared to that in the CP group.
Histopathological findings
The results of the testicular histopathological examination are presented in Figure 2 . The control (Figure 2A ) and DADS groups (data not shown) presented testes with normal architecture. However, testicular tissue in the CP group showed various histopathological alterations, characterized by degeneration of spermatogonia/spermatocytes, vacuolization, and decreased number of spermatids/spermatocytes ( Figure  2B and C). Although degeneration of spermatogonia and decreased number of spermatids/spermatocytes were also observed in the CP&DADS group (Figure 2D) , the incidence and severity of histopathologic lesions were lower in comparison with those in the CP group.
The results of the epididymal histopathological examination are presented in Figure 3 . The control and DADS groups presented epididymides with normal architecture (Figure 3A and D) . However, the caudal epididymis in the CP group showed cell debris in ducts and mild oligospermia ( Figure 3B ). Although these findings were also observed in the CP&DADS group ( Figure 3C) , the incidence and severity of histopathologic lesions were lower in comparison with those in the CP group. 
Discussion
In the present study, we investigated the protective effects of DADS against CP-induced testicular toxicity in male rats 56 days after treatment. The design of the present study allowed for an estimation of the severity of stem cell destruction in rats. Fifty-six days is sufficient time for the surviving stem cells to progress through the differentiation pathway and produce a new generation of spermatozoa. This interval is also short enough to ensure that only a minimal regeneration of stem cell number occur [29] . The testicular sperm head count method can detect testicular lesions because CP causes damage mainly in cells at early phase of spermatogenesis [30, 31] . Our results show that a single intraperitoneal dose of CP resulted in significant testicular toxicity, as evidenced by decreased sperm head count and sperm motility and testicular and epididymal histopathological alterations. However, the DADS treatment showed a protective effect against the testicular toxicity induced by CP in rats.
A number of reports have indicated that CP caused impairment of sperm and its fertilizing ability [6, 7] . Adult patients treated with CP (1-2 mg/kg/day) for more than 4 months showed oligospermia or aspermia [5] . CPexposed rats also have oligospermia and aspermia that manifest as biochemical and structural changes in the testis and epididymis [32, 33] . CP produces two active metabolites such as phosphoramide mustard and acrolein. Lipid peroxidation (LPO) is one of the principal causes of CP-induced toxicity and is mediated by the production of acrolein, a metabolite for much of its toxicity [10, 15, 34] . Acrolein interferes with the tissue antioxidant defense system, produces highly ROS, and interacts with protein amino acids causing structural and functional changes in enzymes [35, 36] .
Oxidative stress plays a critical role in the pathogenesis of reproductive disorders and the etiology of defective sperm function [12] . Because the sperm plasma membrane contains a high content of polyunsaturated fatty acids and the cytoplasm is extremely limited in volume and localization, excess production of ROS is thought to damage spermatozoa through LPO, resulting in impaired metabolism, motility, acrosome reaction, and fusogenic capacity [37, 38] . It has been reported that CP alters the sperm chromatin structure and the composition of sperm head basic proteins in rats [39] . In the present study, although there were no obvious differences in the incidence of abnormal sperm among the groups, the CP treatment significantly decreased epididymal sperm motility. In contrast, pretreatment with DADS improved sperm motility. These findings indicate that DADS effectively prevents spermatotoxicity induced by CP. A number of studies have demonstrated that the protective effect of Sallylcysteine (aged garlic extract) and garlic extract on CP toxicity is associated with preventing a rise in LPO and preserving antioxidant enzyme activities [9, 40] . Additionally, garlic and organosulfur compounds from garlic have the cytoprotective and antioxidant activity against cadmium-induced testicular toxicity in rats [41, 42] . Therefore, it is considered that the protective effects observed in this study may have resulted from the antioxidant activity of DADS.
The major histopathological findings observed in the CP group included degeneration of spermatocytes/ spermatogonia, vacuolization, and decreased number of spermatids/spermatocytes in the testis and cell debris and mild oligospermia in the ductus epididymis. Histopathological alterations observed in the CP group may be considered a direct or indirect effect of CP, which later induces LPO as a chemical mechanism capable of disrupting the function of testis and epididymis. However, the incidence and severity of testicular and epididymal lesions in rats pretreated with DADS was considerably ameliorated when compared to that in the CP group. Therefore, DADS attenuated the CP-induced testis and epididymis damages.
The evaluation of testicular sperm head count seems to be a good indicator of spermatogenic damages and the testicular sperm head count corresponds to the number of elongate spermatids in the testis [43] . According to a previous study, the toxic effects of CP on spermatogenesis in the seminiferous tubules are considered one of the mechanisms of action of CP to produce dead sperm [32] . It has been also reported that the decrease in sperm head count induced by CP is due to the generation of ROS and the elimination of spermatogenic cells at different stages of development [15, 31, 44, 45] . In the present study, a decrease in the testicular sperm head count was considered to result from the loss of early cell types caused by CP. Taken together, CP inducedtesticular toxicity may be involved in the damage of differentiating spermatogenic cells during spermatogenesis. However, DADS pretreatment improved testicular toxicity, indicating that DADS effectively attenuates differentiating spermatogenic cells damaged by CP. The improved testicular toxicity obtained in rats treated with DADS was well correlated with the histopathological results and epididymal index. Kasuga et al. (2001) reported that garlic preparations are effective in recovery of spermatogenesis [46] . Recently, diallyl tetrasulfide from garlic has a protective effect against cadmiuminduced testicular injury by reducing toxicant-mediated oxidative stress [47] .
If ROS are mainly responsible for adverse effects of CP, antioxidants may actually reduce the severity of these adverse effects. It was previously reported that DADS pretreatment attenuates CP-induced urotoxicity and oxidative stress in mice [18] . Many investigators have observed that glutathione-related antioxidant defense systems are stabilized by DADS in the presence of oxidative stress [19, 23, 48] . Moreover, DADS exerts antioxidant protection by enhancing 3-hydroxy-3-methylglutaryl-CoA reductase, glutathione S-transferase, glutathione peroxides, and catalase [48] [49] [50] . The results of these studies and ours suggest that the antioxidant effects of DADS may be related to its ability to scavenge free radicals and ROS formed during CP intoxication.
In conclusion, DADS had protective effects against CP-induced testicular toxicity in rats. These findings suggest that DADS, which is a naturally occurring antioxidant from commonly consuming plants of allium spices, may be a useful protective agent against various testicular toxicities induced by oxidative stress.
